The full-field thickness distribution, three-dimensional surface model and general morphological data of six human tympanic membranes are presented. Crosssectional images were taken perpendicular through the membranes using a high-resolution optical coherence tomography setup. Five normal membranes and one membrane containing a pathological site are included in this study. The thickness varies strongly across each membrane, and a great deal of interspecimen variability can be seen in the measurement results, though all membranes show similar features in their respective relative thickness distributions. Mean thickness values across the pars tensa ranged between 79 and 97 μm; all membranes were thinnest in the central region between umbo and annular ring (50-70 μm), and thickness increased steeply over a small distance to approximately 100-120 μm when moving from the central region either towards the peripheral rim of the pars tensa or towards the manubrium. Furthermore, a local thickening was noticed in the antero-inferior quadrant of the membranes, and a strong linear correlation was observed between inferior-posterior length and mean thickness of the membrane. These features were combined into a single three-dimensional model to form an averaged representation of the human tympanic membrane. 3D reconstruction of the pathological tympanic membrane shows a structural atrophy with retraction pocket in the inferior portion of the pars tensa. The change of form at the pathological site of the membrane corresponds well with the decreased thickness values that can be measured there.
INTRODUCTION
Mechanical properties of the tympanic membrane (TM) play a crucial role in the functioning of the middle ear system. Various applications of finite element modeling in hearing research have expressed the necessity to know, with great precision, such properties as shape, thickness distribution and local elasticity of the tympanic membrane. The accurate determination of these parameters is indispensable in the creation of realistic mathematical models of dynamic eardrum behavior (Song and Lee 2012) that are employed in the construction of both active (Gan et al. 2010 ) and passive (Sun et al. 2002; Prendergast et al. 1999 ) middle ear prostheses. Although there is a general consensus on the inhomogeneous mass distribution in different locations of the TM, full-field quantitative data remain absent, causing authors to employ simplified thickness distributions in their finite element (FE) models. A summary of such models was composed by Volandri et al. (2011) , who concluded that most authors adopt a single thickness value across the entire membrane, ranging between 30 and 150 μm. Wada et al. (1992) were the first to include thickness data refinement in their FE models by specifying ten different thickness regions, corresponding with the measurements by Uebo et al. (1988) . The same data set was employed in the model by Koike et al. (2002) , who interpolated between the data points to create a thickness data map of higher density. The diversity of numerical values employed in these models is due to the limited amount of thickness data on human TM available in literature. Furthermore, most of the thickness measurement studies were conducted on small localised parts of the membrane only and report large differences between them.
The first data on human TM thickness were gathered by Kojo (1954) , who used conventional light microscopy and measured values between 30 and 120 μm at seven different points of human eardrum tissue. Lim (1970) employed electron microscopy and found thickness values ranging from 30 to 90 μm for the pars tensa (PT) and from 30 to 230 μm for the pars flaccida. In order to create uniformity in FE models of the human middle ear, Funnell and Laszlo (1982) proclaimed the need for 'more detailed measurements on variations of overall thickness information across the surface of the TM'. To this end, Uebo et al. (1988) reported average thickness values in each of ten different regions of the TM, Ruah et al. (1991) performed three measurements on each of six different TM regions and Schmidt and Hellström (1991) and Kuypers et al. (2006) published the thickness distributions across several full-length TM cross-sections. However, to date, no full-field highresolution thickness data of the human tympanic membrane are available.
Recently, several successful feasibility studies on optical coherence tomography (OCT) in middle ear research, both ex vivo (Pitris et al. 2001; Bibas et al. 2004 ) and in vivo (Djalilian et al. 2008; Just et al. 2009; Nguyen et al. 2012 ) have prompted us to conduct preliminary tests to measure full-field thickness variations of several rabbit and human TMs with OCT . Though successful, it was clear that additional hardware and software modifications to the measurement setup were required in order to measure full membranes. In the following, we describe the application of large-volume optical coherence tomography as a means to construct highresolution and full-field thickness distribution maps of the human tympanic membrane. We will focus on the pars tensa in this study, as it is the main contributing part of the TM in sound transmission and biomechanical modeling.
MATERIAL AND METHODS

Human tympanic membranes
The results presented in this study are based on OCT measurements of six human eardrums that were harvested from human cadavers by the Temporal Bone Foundation of Brussels, Belgium. In order to comply with the regulations of the National Health Service (NHS), UK, blinded samples were employed in this study. Five samples (TM1-5) from healthy donors that possessed normal otological middle ears were made available by the Temporal Bone Foundation-Brussels. Additionally, these were examined for irregularities under a microscope before commencement of the measurements. The temporal bones were originally gathered by the Foundation for use in allograft surgery of the middle ear. Hence, precautions were taken to select only samples free of any middle ear abnormalities, but these specifics are not transferred in detail to the end users. The sixth membrane (TMP) was deliberately chosen to contain a retraction pocket and was included in the study as an exemplary case. Three eardrums originated from right ears (TM1, TM3 and TM5) and three from left ears (TM2, TM4 and TMP). Ethical approval of this study was granted by the Research Ethics Committee (REC reference: 12/EM/0196, 4 May 2012) of the NHS, UK.
Specimen preparation
The temporal bones were received in preserved condition, each of them immersed in a buffered 4 % formaldehyde solution. The middle and inner ear parts of the temporal bones were kept intact, but the ear canal was carefully drilled away to completely expose the lateral side of the tympanic membrane to the OCT laser beam. The measured shape may deviate from the TM shape as it was in vivo, but the thickness calculation only requires taking into account the TM shape whilst the OCT measurements were done. Ventilation of the middle ear was ensured to eliminate possible pressure differences that could influence the shape of the tympanic membrane during the measurements. The samples were kept moist during preparation, using a compact ultrasonic humidifier (Bionaire, BU1300W) to avoid dehydration. The temporal bones were mounted onto the sample platform of the OCT setup using hard clay and a screw system, which was acceptably stable for an average measurement time of 100 s. Because the measurements were conducted in air, the temporal bone was wrapped in wet tissue paper to reduce dehydration. After completion of the scans, the samples were immediately returned to their respective containers for future measurements.
Optical coherence tomography measurements
The setup was developed at the Applied Optics Group at the University of Kent, Canterbury. Optical sections through the eardrum were made using a customised Fourier domain optical coherence tomography system, equipped with a wide-angle galvo-scanning unit. A broadband light source, based on an ytterbiumdoped fiber (Multiwave Photonics, Porto, Portugal) identical to the one described by Trifanov et al. (2011) with a central wavelength at λ=1,050 nm and bandwidth Δλ=70 nm was used. The axial resolution of the OCT-setup was determined by measuring the full width at half maximum (FWHM) of the autocorrelation signal peak. For our setup, this FWHM varied between 9.45 and 9.77 μm, depending on the position within the sample and the local density, throughout the maximum sample depth of 2.36 mm. The transversal resolution and depth of focus of OCTsetups are decoupled from the axial resolution and are limited mainly by the focal spot size of the Gaussian profile light beam. The interface optics of the employed configuration are identical to the one described by Bradu et al. (2005) and are designed to maintain a lateral resolution of better than 10 μm in both X-and Y-directions across the sample with a depth of focus that covers at least the full axial scanning depth of 2.36 mm. Lateral field-of-view is measured in both X-and Y-direction by tracking a feature of the imaged object in the OCT image at the working distance of the imaging lens and by moving the object laterally using a translation stage so that this feature crosses the entire image from one side to the other. Our experimental setup produces a lateral field-of-view in the X-and Y-directions of 12.35 and 10.13 mm, respectively.
In summary, the employed setup is capable of maintaining a resolution of G10 μm within the sample, both axially and transversally, throughout an imaging volume of 12.35×10.13×2.36 mm 3 . A collection of axial images (i.e. images in a plane parallel to the imaging beam or B-scans) was gathered by scanning the laser beam along sections perpendicular to the plane defined by the annulus fibrosus of the TM. After correcting the data stack for fan distortion and refractive index mismatches in post-processing , the slice spacing is measured to be 9.8 μm and the axial pixel size is 4.6 μm. A full data-acquisition of a single 3D stack of 1,024 B-scans of 1,024 pixels wide and 1,024 pixels deep takes around 100 s on average to record without image processing and 300 s on average including image processing. No manual intervention or mechanical translation was needed during acquisition to acquire a complete data stack of cross-sectional OCT images.
Post-processing
The greyscale OCT images were segmented into binary image labels using a combination of automatic thresholding and manual segmentation in specialised visualisation software (Amira 5.3), and a 3D surface model of the tympanic membrane was constructed subsequently. Accurate 3D shape reconstruction was ensured by applying the distortion correction procedure described by Van der Jeught et al. (2012) to the recorded OCT volumes. As part of this reconstruction process, the perceived optical path distance is divided by the index of refraction of TM tissue (which was measured to be n=1.44, see below) to obtain the actual physical distance.
For the purpose of uniformity, the obtained models of TM1-5 were virtually aligned before numerical measurements were taken, in the coordinate system depicted in Fig. 1 . This alignment procedure did not cause the absolute thickness values of the respective membranes to change at all, as it consists of rigid body rotation and translation operations exclusively. First, the best plane fit through the border of the pars tensa with the annular ring was defined as the XY-plane. Second, the origin of the axis system was determined, for each model, as the point on the XY-plane for which the Zvalue (or height) of the respective surface model reaches its highest value. In this way, the positive Z-axis crosses the membrane surface model at the umbo. Third, the positive X-axis was aligned with the manubrium by rotating the model around the Z-axis. Finally, the Y-axis was defined so that
After alignment, a series of quantitative data can be extracted from the models, including the anterior-posterior and inferiorsuperior length, the surface area and projected surface area, the apex height and the local and overall average thickness of the membrane.
Local thickness evaluation
In order to measure the local thickness at different points on the eardrum, the height value Z(x,y) of both the upper (Z U ) and lower (Z L ) surface layers of the 3D model was evaluated on a Cartesian coordinate grid in the XY-plane. A first way to present the numerical thickness distribution T Z (x,y) of the TM is to calculate the height difference between upper and lower layers of the model, projected along the Z-direction onto the XY-plane:
These values are easy to import into, e.g. finite element models, but they are of course dependent on the local orientation of the membrane. Another way to evaluate 3D thickness of arbitrary volumes was described by Hildebrand and Rüegsegger (2003) largest sphere that contains ! p and that lies completely within the borders Z U and Z L of the object:
where Ω ℝ 3 represents the collection of points within the object and sph x ! ; r ð Þ the set of points inside the sphere with center x ! and radius r. This definition of local thickness can easily be adapted to one that renders the shortest Euclidian distance of point p ! to either Z U or Z L by limiting the spheres containing p ! to the ones originating from p ! :
Both T sph p ! and T ED p ! provide local thickness data in three dimensions, independent of local membrane orientation.
In order to compare them with each other and with T Z (x,y), they are evaluated at the points
between the upper and lower layers of the membrane. In this way, a two-dimensional representation of both thickness distributions is created on the same Cartesian grid (x,y) as the one on which T Z was defined:
The Euclidian distance from the middle sheet to the outer layer of the object was doubled to create a 2D distribution T SD (x,y) which represents the shortest distance between the two layers of the membrane, as measured from the points p ! M . In the following, whenever thickness results are reported, these are calculated using T SD (x,y) unless specified otherwise.
RESULTS
Optical coherence tomography measurements of the human eardrum
In Fig. 2 , axial cross-sections of both a normal human eardrum (TM2, top) and a human eardrum showing pathology (TMP, bottom) are shown. A full stack of such B-scans was obtained for each membrane. After segmentation of the raw data into binary labels and geometric calibration, a 3D surface model of all six human tympanic membranes was constructed in postprocessing. Several morphological and geometric properties were extracted from these models and are included in Table 1 . Full models and two-dimensional thickness maps are available for download at the website of the Laboratory of Biomedical Physics, Antwerp (www.ua.ac.be/bimef, go to downloads9 middle and inner ear models 9human 9tympanic membrane (OCT)).
Statistical relations between geometric properties and average thickness values of the different tympanic membranes can be investigated using the presented numerical data. Correlating the average thickness GT sph 9of the pars tensa (column 7) with the inferior-superior length (column 1), the anterior-posterior the top view of the model after 3D alignment, from which the dimensional properties of the eardrum in the XY-plane can easily be obtained. Notice how the inferior-superior length of the eardrum is assessed as the length along the X-axis from the border of the pars tensa to the end of the lateral process. Lines L1-L4 indicate the locations at which virtual cross-sections will be taken to show membrane thickness variation in detail. Part B shows the 3D model from an arbitrary viewing angle, illustrating the orientation of the positive Z-axis along which the membrane's apex height is defined. Note that the variation in pixel intensity is due to shading from the surface topography and rendering of the 3D model and does not represent varying pixel intensities in the actual data. length (column 2) and the projected (column 3) and total (column 4) surface area of the different tympanic membranes produces R-squared values of 0.97, 0.01, 0.45 and 0.44, respectively, indicating a strong linear relation between average thickness and inferior-posterior length of the TM and little correlation with the other parameters. The coefficients were calculated using the data derived from TM1-5 only, as the geometric properties of TMP may have been altered due to its pathology and would influence the correlation in a non-representative way.
Thickness distribution and thickness profiles along virtual cross-sections of the human eardrum
The local thickness data of TM1-5 can be computed for every point in the membrane volume and can be represented in 2D by plotting the resulting values of thickness distribution T SD using colour-coding. Figure 3 shows such thickness maps for the middle sheets of membranes TM1-5. The numerical thickness values extracted from the OCT models were verified against physical thickness measurements in several regions of TM5. Four distinct (small) regions of TM5 (Fig. 3 , regions A through D on TM5) with high local thickness homogeneity were extracted from the tympanic membrane under a surgical microscope. Next, each of these regions was split in half by applying a perpendicular cut to the membrane surface. The physical thickness at multiple points along both sides of this cut was measured using an optical microscope, and the average obtained thickness per region is included in the top part of Table 2 . The corresponding thickness values of the OCT model in these regions were extracted from TM5 using T SD and were averaged over the entire homogeneous region. In general, the optical microscopy (OM) measurements correlate well with the thickness values extracted from the OCT model. The slightly larger values of the OM measurements in comparison to the OCT measurements could be because the cuts were not Columns 1 and 2: inferior-superior and anterior-posterior length of the TM, respectively. Column 3: projected surface area of the membrane, measured perpendicularly to the Z-axis. Column 4: surface area of the lateral side of the membrane, taking into account any height variations in the Z-direction. Column 5: the apex of the membrane, determined as the shortest distance between the XY-plane and the umbo. Columns 6, 7 and 8: average values of the thickness distributions Tz, T sph and T SD , measured at the pars tensa of the membrane, excluding the manubrium. a Values in the last row may have been influenced by the local geometry at the pathological site of TMP VAN DER JEUGHT ET AL.: OCT Thickness of Human Eardrumperfectly perpendicular or could be due to a slight refractive index mismatch. The method described by Dirckx et al. (2005) to determine the refractive index of small tissue samples with confocal microscopy was applied to the tissue of TM3 across three distinct regions of the membrane (Fig. 3 , regions N1, N2 and N3 on TM3). The results of these measurements are included in the bottom part of Table 2 . As the standard deviation of the average refractive index at different regions of the TM is small (n=1.4437±0.0015), a uniform index of refraction of n=1.4437 was adopted in the post-processing reconstruction process.
In order to perform a direct comparison of the local thickness values between the differently shaped membranes, the respective 2D thickness distributions of TM1-5 were remapped onto the same surface without scaling the thickness itself. For this purpose, the average contour of the five presented healthy membranes was calculated by selecting the umbo of each model as the origin of a polar coordinate grid onto which the averaged distances to both the peripheral rim of the pars tensa and the border of the pars tensa with the manubrium were plotted. The curve connecting these points represents the contour of the averaged, virtual tympanic membrane (in the following referred to as TMA) and is plotted (in red) in part 6 of Fig. 3 .
After projecting the thickness distributions of TM1-5 onto TMA, the thickness values along lines L1 through L4 were plotted as a function of the Yposition in Fig. 4 . The presence of the malleus prohibited accurate determination of thickness locally; hence, no data for this region were included in the plots as we cannot guarantee their accuracy. All plots and colour maps indicate that the thickness of human tympanic membranes is far from uniformly distributed. Although considerable differences in absolute thickness can be observed between them, the relative thickness profiles do contain several similar features. In general, thickness values increase steeply from 40-75 μm in the central region between annulus and manubrium to 110-160 μm when moving over a small distance of 1-2 mm from the central region towards either the peripheral rim of the pars tensa or towards the manubrium. Notice also how all membranes, except for TM2, contain a local thickening in the antero-inferior quadrant, between the umbo and the edge of the pars tensa. This asymmetric distribution of mass is reflected in the thickness profiles along line L2, between 4 and 6 mm into the y-position. The largest inter-specimen spread between membranes TM1-5 can be seen in the posterosuperior quadrant of the membranes (right part of the bottom plot in Fig. 4) . Here, the average thickness values range between (60.1±7.4)μm for TM5 and (122±12)μm for TM4, where the error margins represent the standard deviation.
Average thickness distribution of the human eardrum
The full-field thickness data of TM1-5 can be combined into a single, averaged model of the human eardrum by projecting their respective thickness distributions onto the surface shape of TMA. It should be noted that the absolute thickness values of the membranes are not altered during this process. They are merely repositioned onto the same surface shape and resampled on the same grid by 2D interpolation. In this way, a virtual membrane can be constructed that represents the averaged thickness map of the five healthy eardrums that were included in this study. In Notice also how, in general, T z 9T sph 9T SD . The local thickening in the antero-inferior (AI) quadrant of membranes TM1, TM3, TM4 and TM5 is reflected in the relatively higher thickness value of the mean thickness of TMA in the AI quadrant (91.9± 4.1)μm when compared with that of the posteroinferior (83.2±3.7), the postero-superior (80.5±4.6) and the antero-superior (81.3±3.9) quadrants. Student ttest statistics on the five samples confirm that the mean AI quadrant is significantly thicker than the others (t 8 =3.9644, P=0.0042). Note, however, that the thickness per quadrant is distributed unevenly and that a single mean thickness value does not suffice to describe the entire quadrant thickness distribution.
Thickness distribution of a pathological eardrum
As a case example of possible future application of OCT imaging in diagnostics, the thickness map of a human tympanic membrane (TMP) containing a distinct pathological site is shown in the top part of Fig. 6 .
It is suggested that this abnormality may be a structural atrophy with retraction pocket in the inferior portion of the pars tensa. The change of form at the pathological site of TMP corresponds well with the (solid red line) . Notice the sudden drop in membrane thickness at the atrophic region of TMP. As the thickness distribution of TMP was added here as a stand-alone case study, its shape has not been projected onto the averaged membrane shape of TMA, and it should therefore be noted that the absolute position of line L2 differs from the one used earlier to describe the crosssections of TM1-5.
decreased thickness values that can be measured there. Although the thickness of the unaffected part of the pars tensa fluctuates between 60 and 100 μm, the atrophic region contains no thickness values higher than 50 μm. In fact, thickness values as low as 20 μm can be measured at the heart of the retraction pocket. A sudden decline in thickness of the membrane can be observed between points A and B in the cross-sectional graph of TMP along line L2, included in the bottom part of Fig. 6 .
DISCUSSION
Imaging the human tympanic membrane with optical coherence tomography
As the diameter of the average human TM is relatively large (∼10 mm) in comparison to its overall thickness range (∼50-150 μm), several important limitations are imposed onto possible imaging techniques. On the one hand, the depth resolution has to be sufficiently high to accurately detect the thickness variations. On the other hand, the system needs to be able to capture the entire TM in its field-of-view whilst at the same time maintaining a sufficiently high lateral resolution when scanning the drum from edge to edge. In order to obtain full-field thickness data of human eardrums, considerable effort has been made. Magnetic resonance imaging of the human middle ear (Lin et al. 2011 ) allows the orientation and geometry of the tympanic membrane to be observed clearly but is unable to resolve its subtle thickness variations. Due to the low X-ray absorption of soft tissue, general micro-scale X-ray computed tomography (μCT) images of the TM have limited contrast quality, preventing the technique from producing a detailed thickness distribution of the tympanic membrane (Buytaert et al. 2011) . Applying phosphotungstic acid staining to the samples increases the X-ray absorption of soft tissue, which results in images with higher contrast (Metscher 2009), but the chemical treatment of the sample may cause thickness and shape aberrations in the TM. Furthermore, high-resolution μCT requires far more expensive equipment than OCT, requires the sample to fit within the limited dimensions of the scanning setup, requires heavy back-projection calculations and at the current state of the art, it is impossible to obtain soft tissue data in vivo with sufficiently high resolution to perform TM thickness measurements. A common disadvantage of ex vivo measurement techniques within international collaborations is that the sample requires formalin-based fixation for preservation during shipment. This may lead to possible sample shrinkage of 2.9 % up to 4.5 % with respect to unpreserved, fresh samples (Fox et al. 1985; Hopwood 1967; Jonmarker et al. 2006) . Although these artifacts fall within the relative accuracy range of the employed OCT system and are small in comparison to the interspecimen thickness variability of 15-25 %, future endoscopic setups capable of performing wide field-of view OCT measurements in vivo would eliminate the possibility of such artifacts entirely.
The optical sectioning ability of confocal microscopy (CM) was used by Kuypers et al. (2006) to produce a thickness map based on a set of high-resolution measurements along several lines of the TM. However, the typical height of the human TM (∼1.5-2 mm) greatly exceeds the working distance of confocal microscopes, requiring the sample to be flattened out in order to maintain depth resolution. In addition, the field of view of CM is several orders of magnitude smaller than the surface area of the typical human TM, inducing possible stitching errors in the construction of the full data map. In OCT images, the axial and lateral resolutions are decoupled from one another, which allows OCT setups to maintain high resolutions across the entire sample volume in all three dimensions. The added benefits of OCT imaging include its non-invasiveness, non-destructiveness and absence of ionising radiation and, in principal, the possibility to implement the probing head into a surgical endoscope. This combination of properties makes OCT a highly suitable imaging modality for in situ and in vivo applications in middle ear research. To date, the only reports of in vivo OCT measurements in middle ear research consist of preliminary tests that investigate its applicability in a clinical setup as a means to detect structural abnormalities in human TMs (Djalilian et al. 2008; Nguyen et al. 2012) . These reports provide mainly qualitative descriptions of the measured TM thickness and include few quantitative measurements. Djalilian et al. report a single-point thickness measurement of 88 μm somewhere in the antero-superior quadrant without specification of the exact location; Nguyen et al. report a single-point thickness measurement of 97 μm at an unspecified location on the TM.
An important drawback of OCT imaging is its limited penetration depth of several millimeters into the sample, depending on the central wavelength of the employed light source. This introduces a choice between larger penetration depth (higher λ) and higher axial resolution (lower λ). In order to map the thickness distribution of the entire TM in situ, an axial scanning depth of at least 2 mm is needed. Therefore, in this study, we opted for a light source with a central wavelength at λ=1,050 nm, yielding a maximum scanning depth of 2.36 mm whilst maintaining an axial and lateral resolution of G10 μm within the sample. Due to the SNR-falloff and the decreasing signal sensitivity at larger depths within the sample, we were not able to accurately image the entire manubrium, and therefore, we cannot vouch for the accuracy of the thickness values which we measured in this region. Likewise, the pars flaccida of the human eardrum was harder to image with the employed OCT setup, as it is typically much thicker than the pars tensa.
Local thickness distribution
Various algorithms can be used to extract local thickness information from 3D geometric shapes. In this study, the three local thickness definitions that were described in the introduction were applied to all membrane models. The first, T z , straightforwardly calculates the difference between upper and lower sheets of the membrane and forms a 2D representation of the membrane thickness at every point in the XY-plane. Although quantitatively unambiguous and easy to import into FE models, T z is highly influenced by the local geometry and orientation of the membrane which can provide a deceptive view of the model thickness in 2D. To this end, two other methods were included in the results that both allow better interpretation of the local thickness by taking into account the geometry of the model in all three dimensions. The first of these, T sph , provides a volumebased and model-independent thickness definition that is often used in bone densitometry to predict the structural quality of human bone models. Whereas T sph provides a measure for the local strength at a given point within the model, T SD rather detects the local weaknesses in the membranes by highlighting the regions where the thickness values of the models are lowest. Note that only T z delivers the raw unmodified thickness data.
General trends in the thickness distribution of human tympanic membranes
Similarities and differences in local distribution of mass between the different healthy TMs were assessed by projecting their respective thickness maps onto the same geometric shape. By doing so, we found that the absolute thickness values at different positions differ considerably between membranes. Despite this relatively large variation in absolute thickness values across the different TMs, a great deal of similarity was found in the relative thickness distributions of the membranes. In accordance with the findings of Kuypers et al. (2006) , we found the membranes to be thinnest in the central region of the pars tensa between manubrium and annular ring, with the thickness increasing steeply over a small distance when moving from the central region either towards the edge of the pars tensa or towards the manubrium. Also in accordance with Kuypers' interpolated thickness map, we noticed a local thickening in the anteroinferior quadrant of membranes TM1, TM3, TM4 and TM5. TM2 did not possess such an asymmetry in its thickness distribution.
The mean thickness across the pars tensa of the measured eardrums ranges from 79.6 μm (TM2) to 97.0 μm (TM1), which corresponds well with the typical values of average membrane thickness adopted by modelers (74-100 μm). It should however be noted that our measurements clearly confirm the findings of previously mentioned authors about differing thickness values in different regions of the membrane. For example, in TM1, thickness values ranging between 50 and 150 μm were found across the pars tensa. After quantification, this non-uniform thickness distribution can be incorporated in finite element models using the presented thickness maps. Another trend we found in our measurements was the strong linear relation between inferior-superior length and average thickness value of the membrane. We are well aware of the limited sample size included in this study, and we acknowledge that further measurements are necessary to confirm this correlation, though if validated, this could prove to be an argument for scaling the average thickness of measured membranes with inferior-superior length rather than with surface area size or other geometric features of the TM.
Average thickness map of the human eardrum
Although the inter-specimen variability between different human tympanic membranes is large and there is no such thing as an "average human eardrum", we found that the eardrums in our study do possess similar thickness trends across the membrane. Today, most authors adopt a uniform thickness value across the entire membrane, ranging from 30-150 μm for the human TM (Gaihede et al. 2007; Decraemer and Funnell 2008; Daphalapurkar et al. 2009; Aernouts et al. 2012) . While most modelers agree to employ an average value of around 74 μm (Gan et al. 2004; Cheng et al. 2007; Huang et al. 2008; Luo et al. 2009; Zhao et al. 2009 ), some assume an average thickness value of 100 μm (Abel and Lord 2001; Wen et al. 2006; Lee et al. 2006; Le and Huynh 2008) . Quantification of these trends could provide more insight into the fundamental anatomy of the human eardrum and enables modelers to employ more accurate and representative distributions of mass in their finite element models of the human TM.
To this end, we combined the distinct geometric features of TM1-5 into a single virtual membrane TMA.
By projecting the z-(or height) values of both the upper and lower planes of each membrane onto the same contour, an average height map and 3D model of TMA was created. As TMA incorporates the fullfield geometric properties of multiple samples, it could provide a more representative model of the average human eardrum.
CONCLUSION
The accurate and full-field thickness distribution in tympanic membranes is a critical parameter in middle ear studies, as it describes the distribution of mass in the eardrum and influences the effective membrane stiffness. We measured the thickness distribution of six human tympanic membranes using a customised highresolution and large-field optical coherence tomography setup. Large inter-specimen variability in absolute thickness was observed, as well as a non-uniform thickness distribution across the individual membranes. In general, thickness was found to be thinnest in the central region between umbo and manubrium (50-70 μm) and largest near the peripheral rim of the pars tensa and around the umbo (100-120 μm). In addition, local thickening of the membrane (60-80 μm) was noticed in the antero-inferior quadrant of the membrane, and a strong linear relation was found between inferior-superior length and mean thickness value of the membrane. Mean thickness values across the entire pars tensa, excluding the manubrium, ranged between approximately 80 and 100 μm.
The OCT measurements of an eardrum with an atrophic region and retraction pocket in the inferior part of the pars tensa showed a local thinning of the membrane in this zone. This shows that future combination of OCT with a surgical microscope or endoscopy to measure local tympanic membrane thickness can be of use in clinical diagnoses.
